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Abstract
The increased use of flat solar devices, such as photovoltaic (PV) panels and solar water heaters (SWH) globally has
prompted this area of research to identify the efficiency reduction due to deposited solid particles on their surfaces
which reduces the absorbed solar radiation on which the device depends for generating electricity or heat.
Most manufacturers of these devices quote their efficiency as measured in a clean environment, and normally at 20°C 
and one air mass. Efficiency reduction due dirty surfaces can be as high as 60% if the installation is in dusty or 
polluted climate and not cleaned regularly. In this preliminary research, the authors are studying the UK conditions
on flat surfaces when they are not cleaned, over one, two, three and four week periods. Additionally, the study will
investigate the various angles of tilt to the horizontal in the natural environment to achieve the maximum incident 
solar radiation on them.
Because UK, environment has many rainy days, the results showed a small reduction in solar absorption from flat 
surfaces devices placed in the sun in an open environment. This is equal to 5% transmittance reduction after a period 
of three weeks though the glass samples exposed to the environment. Outdoor particle and dust distribution lies in the 
range of smaller than 400 microns with the most frequency smaller than 20 microns. Moreover, indoor laboratory 
experiments have been carried out to show quantitatively the effect of dust/pollution on the glass surfaces. Finally, a
comparison between the results from outdoor and indoor experiments has been provided.
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1. Introduction 
     Solar cell efficiency is an important parameter in the PV technology analysis.  Normally indoor testing 
of PV is carried out under standard conditions (STC) of 25°C, solar irradiance of 1000 w/m2. However, 
solar spectrum through atmosphere is reduced in its intensity due to water vapor, CO2 and other dust 
particles. Terrestrial tests are normally made on the 1.5 air mass at different ambient temperature, [1]. 
However, solar panel efficiency can be reduced significantly due to dust particles, bird droppings and 
water condensation on their surfaces.  
Dust is a term generally applied to solid particles with various diameters, ranging from 0.1 μm to 1000 
μm. In reality there are about 50% of particles having diameter less than 20 μm. Generally dust particles 
are classified according to their sizes, as follows [2]: 
x ‘Deposited matter refers to any dust that  falls out of suspension in the atmosphere  
x Total Suspended Particles (TSP) typically refers to particles 50 μm in size or less. However, 
particle of 10 μm or less are referred to as below.  
x PM10 refers to particles 10 μm in size or less 
x PM2.5 refers to particles 2.5 μm in size or less’ 
It is obvious that heavy particle fall on surfaces faster than lighter suspended particles. However both are 
having adverse effect on solar radiation intensity, [2]. Fig.1. shows the particles’ falling speed on surfaces 
as a function of their sizes[3].   
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig.1. Settling velocity versus particle size [3] 
 
 Particle size distribution on the atmosphere is one of the most important factors and should be considered 
in dust effect on surfaces.  
One of the early studies on dust and soil particles on the solar systems was carried out in the middle 
1940’s, which  investigated the effect of the pollution on the solar thermal cells and the effect of dust on 
the mirror reflectance[4]. At that time, Hottel and Woertz were among the pioneers investigating the 
impact of dust on solar thermal flat-plate collectors[5].They conducted 3 months performance tests on 
collectors at 30 °C  power plant under rainy environmental condition. They found that the effect of dirt on 
the collector’s performance was surprisingly small, about 4.7%, [6]. 
After the 1970’s, more research has been done dealing with dust effect on solar photovoltaic panels. Also, 
the studies focused on solar system characteristics such as tile angle and various glazing used and the 
impact of dust accumulation on them. Some of these tests were carried out in Saudi Arabia and Kuwait 
which showed the surface degradation and solar intensity reduction were progressive and rapidly occurred 
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during the first 30 days of exposure. The results implied that the reduction of the efficiency was reached 
33.5% after one month and increases to 65.8% after six months without cleaning, [6]. 
From 1990 and later, more comprehensive studies on dust deposition were carried out with greater 
accuracy in experimental investigations, [5]. Many collectors had lower electrical and thermal 
performances after a short exposure period, [4].  El-Shobokshy and Hussein are few pioneers in their 
comprehensive study into the impact of dust on PV cells in Saudi Arabia, [5]. Their study included 
investigations into the physical properties of the dust accumulation and deposition density on PV 
efficiency. The results showed the impact of cement particles to be the most significant, with a 73g/m2 
deposition of cement dust resulting in an 80% drop in PV short circuit voltage, [5].  
Most of the recent papers reveal the relationship between PV output and dust deposition density and in 
some cases it includes comparison of particle size from outdoor or indoor experiments. In 2006, Hamdy 
K. Elminir evaluated the transmittance of the glass at regular intervals over a period of seven months and 
after every thunderstorm occurring in the surrounding area, in Egypt [6]. Their investigation involved the 
use of 100 glass samples with different tilt angles and at eight orientations. Their studies involved a 
complete mineralogical analysis of the dust accumulated on the transparent covers of solar cells. The 
results showed that the reduction in glass transmittance depends strongly on the dust deposition density in 
conjunction with tilt angle. Results showed that as  the dust deposition density goes from 15.84 to 4.48 
g/m2, the corresponding transmittance diminishes by 52.54- 12.38%, respectively[6].  
 In 2010, J.K. Kaldellis showed that the reduction of PV’s energy depends strongly on particle’s 
composition and source air pollutants [7].  With this consideration, the experimental data concerning the 
effect of three representative air pollution include red soil, lime stone and carbonaceous fly ash particles 
on the energy performance of PV installation are analysed. Also, panels were polluted uniformly with 
sprayed water containing sieved particles of a particular diameter range. As a result, the most 
deterioration is caused by the deposition of red soil approximately 16Wh energy decrease per hour, 
representing 19%  of the respective energy produced by the clean pair panel. The effect is smaller for 
limestone and ash approximately 10 and 6 % respectively, [7]. H.Qasem investigated the effect of dust on 
PV panel with respect to dust concentration, wavelength and spectral transmittance. Dust samples were 
collected from Kuwait and accumulated artificially on sample glass at different tilt angles. The measured 
data showed a faster rate of decrease in transmittance at wavelength < 570 nm. The sample tilt angle 30° 
showed the worst case variation in comparison to 90°. Also, a-Si which showed a 33% reduction when a 
dust concentration of 8.5 mg/cm2 was applied.   In comparison C-Si and CIGS module showed 28.6% and 
28.5 % reductions at the same dust density, [8]. Moreover, L. Dorobantu, revealed the effect of large local 
depositions and impurities like bird droppings, water stains, traffic pollutants or agricultural dust on solar 
cell due to real and simulation experiment[9]. In the images captured by thermo-vision camera it can be 
clearly observed that the covered surface has the temperature increase up 10°C, namely from the normal 
temperature of the panel (27.8°C) with no deposits, to the temperature of 37.5°C[9]. 
Current results show, however many attempts have been made to imply the effect of dust on the PV 
panels as theoretical and experimental methods indicated in some of the references but still there is the 
lack of comprehensive study in this area, however it is a clearly indicated from the previous review 
articles that dust and pollutant particles are very location specific.  
 
2.  Methodology  
In this research, a short term preliminary study has been conducted on the effect of deposited solid 
particles, their concentration and sizes on the glass surfaces. 
This study has been carried out under the Brighton’s climate conditions during the period of the middle of 
March to the middle of April 2013. Two sets of experiments were performed on outdoor and indoor 
samples.  For outdoor experiments 28 identical pieces of glass were prepared. Each one has the following 
dimensions:  6 × 8×1 mm respectively. They were placed over an acrylic frame on the roof of the 
University of Brighton at seven different tilt angles 0°, 15°,30°, 45°, 60°, 75° and 90° with the horizontal. 
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They were all put in a position so that they were facing the south. Each previous angle has 4 pieces of 
glass representing the duration of the test. The first one for one week duration, the second one was left for 
two weeks, the third one was left for three weeks and the forth one was left for four weeks respectively.  
Dust accumulation was noted over a month with readings at weekly intervals. At the same time all other 
weather parameters were taken such as daily weather condition, temperature, wind speed, wind direction 
and relative humidity. Due to the fact that UK weather condition and the climate has more rainy days than 
sunny days which resulted in less dust accumulation on surfaces compared with other parts of the world 
therefore laboratory experiments were carried out to simulate various dust and pollution effect on glass 
surfaces. For this test, fine dust of silica based particle 1-20 μm in size and 97% of them were smaller 
than 10 μm. The fine dust was provided by Particle Technology Company. A cubic sealed box was used 
whereby the dust particle were blown inside it from height of 1 meter and allowed to settle down on the 
glass surface with the aid of slow blower. The glass sample was taken to measure through it the 
transmissivity and compared with a similar clean glass sample. The measurement was carried out under 
control illumination of 60 W halogen light and the use of a SP110 Apogee pyranometer .The results were 
read using an I-V meter. Additional test was carried out to calculate the weight of the deposited particle 
on the glass surface by weighing the sample when it was a clean and when it was covered with dust. This 
was done with extreme accuracy by using GR200 weight balance sensitivity of 0.1 mg. Regarding the 
particles sizes distribution a Malvern Mastersizer2000 was used.  Comparing the clean and dusty 
sample’s output resulted in the ratio of the amount of the transmittance percentage reduction 
 
Results 
3.1. Outdoor Samples  
The dust samples were collected during the middle of March 2013 for a period of one week, two weeks, 
three weeks and four weeks.  Dust deposition is a complex phenomenon and it is site-specific as well as 
weather specific. In the test carried out at the University of Brighton. The weather condition during the 
test period was monitored daily. Table 1. presents the weather conditions for the period of outdoor test.  
The data of this table were presented in qualitative and quantitative variable forms. The qualitative 
variables was such as weather condition and wind direction, while the quantitative variables were 
temperature, humidity and wind speed and indicated by mode and mean parameters respectively. 
 
Table 1.  Weathering condition during the outdoor test 
  Mean/Mode 
One week  Weather condition Light rain 
 Temperature(°C) 4.7 
 Wind speed(mph) 12.8 
 Wind direction E 
 Humidity percentage 75.6 
Two weeks Weather condition Light rain 
 Temperature(°C) 4.5 
 Wind speed(mph) 12.5 
 Wind direction N 
 Humidity percentage 78 
Three weeks Weather condition Light rain 
 Temperature(°C) 4 
 Wind speed(mph) 13 
 Wind direction N 
 Humidity percentage 81 
Four weeks Weather condition Overcast  
 Temperature(°C) 4.3 
 Wind speed(mph) 13 
 Wind direction N 
 Humidity percentage 78 
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However environmental monitoring provides necessary climatological information over the period of 
experiment but in this study because of rainy British climate, the amount of dust deposition was much 
lower than the normal situation and it was dependent on unreliable rainy condition which tended to wipe 
out the accumulated dust of previous days. This was the case also four week samples. However the 
samples of dust deposition for the period of one to three weeks were successfully obtained and therefore 
are considered in this study. Table 2 shows the number of samples and concentrated dust during these 
periods.    
Table 2. number of samples, dust deposition and density 
 
Deposit duration Number of samples Dust deposition average(gr) Density average 
(g/cm2) 
One week 35 0.0003 3.53E-6 
Two weeks 14 0.00046 5.46E-6 
Three weeks 7 0.00069 8.15E-6 
The dust and solid particles size distribution was analysed using Malvern Mastersizer2000 analyser. 
Particles were characterized using laser diffraction based on the volume weighted distribution mean. In 
this technique the contribution of each particle in the distribution related to the volume of that particle        
( equivalent to mass if the density is uniform), i.e. the relative contribution was proportional to size3. This 
approach more accurately describes the size of particle and can provide a better understanding of its 
behaviour. The collected dust sample distributions are shown in Fig. 3. The volume weighted mean alters 
in a wide range within 1- 403.5 μm with the average of 153.2 μm. Most of the deposited particles on the 
surface of glass were very small and in the range of 0-20 μm. They were mainly caused by vehicle 
pollution in the atmosphere, while larger particles are coarse particles and mainly caused by bird 
droppings and water stains, and their contribution was small, see figure 2. 
 
Fig.2. Dust particle distribution due to volume weighted mean 
 
Fig.4. represents the amount of transmittance percentage in different tilt angle.  Due to this graph, 
transmittance percentage varies between 95-98% after 3 weeks under rainy British climate condition.  The 
lowest amount is at a sample with 0° angle. However, for one week testing samples with different angle 
tilt exhibited very little differences among them. For two weeks and three weeks samples there were 
reasonable differences among them as well as decreased in transmissivity rate.  See figure3.  
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Transmittance for different tilt angles in one 
week 
Transmittance for different tilt angles in 
two weeks 
Transmittance for different tilt angles in 
three weeks 
Fig. 3. Transmittance for different tilt angles 
 
Figure 4 shows a comparison among the three different samples of different duration.  
 
Fig.4. A comparison of transmittance among the three sets of samples at different periods 
 
 Fig. 5. reveals detailed transmittance reduction during this study based on the box plot graph.  
 
 
Fig. 5. Transmittance reduction during three weeks of study 
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In this figure each box represents 5 parameters such the maximum, third quartile, medium , first quartile 
and minimum amount of transmittance reduction in one week, two weeks and three weeks. Transmittance 
is reduced approximately 2-3% , 3-4% and 4-5% during one week, two weeks and three weeks 
respectively. The maximum amount of transmittance reduction is about 5 % after three weeks of exposure 
in the environment.  
 
3.2. Indoor samples  
Due to the very unpredictable weather conditions in the UK, simultaneously, indoor experiments have 
been carried out.  For these experiments, silica based mineral sand consisting primarily of silicon oxide 
with smaller amounts of other compounds was provided by Particle Technology Company. Particle size 
distribution lies between the limits set out in table 3.  
 
Table 3.  Particle size distribution for indoor tests 
 
 
 
 
 
 
 
 
 
 
In order to simulate the real dust weather condition, a small fan was used on the top of the chamber. The 
deposition of particles was done by free fall from 1 m height on a horizontally based sample of glass. This 
test was repeated 31 times to compare the results. The relationship between dust deposition and its effect 
on the transmittance through the glass is presented in fig. 6. 
 
 
Fig. 6. Indoor dust deposition and transmittance(%) 
 
The results show that as the dust accumulation increased from 0.001 to 0.0605 gr. the transmittance 
reduction through the glass was increased from 1-11% . This resulted in an average of 5.5%.  
Particle size(microns) Volume% smaller than 
1 1-3 
2 9-13 
3 21-27 
4 36-44 
5 56-64 
7 83-88 
10 97-100 
20 100 
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Table 4. Data of  indoor and outdoor experiments 
 
Test type 
N Range Minimum Maximum Mean 
Statistic Statistic Statistic Statistic Statistic 
Outdoor Deposit W(gr) 56 .0008 .0001 .0009 .000390 
Transmittance 
reduction(%) 56 3 2 5 2.76 
Indoor Deposit W(gr) 31 .0604 .0001 .0605 .013739 
Transmittance 
reduction(%) 31 10 1 11 5.53 
 
It is important to notice that due to many rainy days in the UK climate and specifically in winter 
conditions, there was very few amount of dust accumulation in the outdoor conditions. Therefore indoor 
tests were carried out so that countries and locations with little rain exists will have much higher dust 
accumulation and transmittance reduction as indicated in indoor testing.  
 
4. Brighton University PV Plant: 
The plant is located in Cockcroft Building top floor. It consists of 132 PV panels and produces 43.96 
kWp . Each panel has dimension of 1.55 by 1.46 metre and a thickness of 0.46 metre. All panels were 
placed facing south at an angle with the horizontal of 18°. This was chosen because the roof where they 
were fixed has this angle slope. The PV panels were bought from Sunpower which is an American 
Company produces panels in Malaysia. The cells have an efficiency of 20.4%.Each panel produces 333 
Watt. The normal price of electricity is 10 P/kWh, while feed-in-tariff (FIT) pays 20 P/kWh.  
The system generated 36,000 kWh/ year, and it has 3-inverters having 12 months memory. There are 20 
cells per string with a diode for combined 2 or 3 panels. The system is washes using anodized water twice 
yearly using back pump and consumes 25 litter of water each wash. This is a major problem in cost and 
maintenance, in countries with arid climate where water is very expensive  to obtain,[16].  
  
Figure 7 the PV panels installed on the roof of the University of Brighton after 6 months without cleaning 
Many PV installations around the world suffer from the two major problems; dust effect and bird 
droppings. For example, Alcatraz (US, prison) a craggy island one and half miles off the coast of San 
Francisco has 307 kW PV array capable of producing 400,000 Wh of electricity each year. The 
challenging problem is how to frequently clean the arrays from bird droppings when rain is less frequent 
during the summer months and the bird were attracted to the warmth of the panel [17]. 
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Figure8 the Rock, San Francisco with 1,300 PV panels 
5. Discussion, conclusion and recommendations 
In this paper, the dust effect and the solid particle deposited on flat surfaces (glass) have been investigated 
based on the outdoor and indoor experiments in the UK climate conditions. A preliminary research has 
been done to investigate the nature of dust and solid particles in size and density point of view. Results 
from outdoor tests indicated very small amount of transmittance reduction of 5% is obtained. The 
particles sizes indicate were within 1-500 microns with the most particles were smaller than 20 microns. 
The relationship between dust deposition and weather variable parameters such as temperature, wind 
speed and relative humidity reveal that the amount of relative humidity has an effect on deposition 
phenomena. Indoor testing which simulates a normal weather conditions in less rainy climate resulted in 
much higher amount of transmittance reduction and due to the more deposition on flat surfaces having 
same particle sizes.  
As a conclusion, based on the outdoor results, the particle’s size distributes mainly within 1-50 microns 
and can easily stick to the flat surfaces when there was no rain. Very small amount of fine particles can 
reduce transmittance reduction by 11% as indicated in indoor results. Moreover, higher relative humidity 
with dust created a cementing effect on the surfaces and this will become worse during the heated 
summer conditions.   
Although the effect of dust and bird droppings on flat surfaces and in particular on PV panels are 
prominent in many countries, it has little effect in the UK case. But this condition is a critical if the PV 
installations closer or by the sea.   
In recent years many attempts have been carried out in order to improve the PV coating’s materials to 
eliminate the effect of weather conditions on the panels. Self-cleaning and hydrophilic coating system are 
some of the common methods that are used now-a-days and must be recommended for any new 
installations. However, currently many installed PV systems suffer from the weather conditions 
particularly those which were installed in desert climate such as the Middle East.  
In this concept, a comprehensive study of the issue of transmittance reduction due to weather condition as 
well as bird droppings should be made, based on the following recommendations: 
x Simulating and investigating the study for various climate location such as pollution, precipitation ,  
wind velocity, relative humidity, ambient temperature and others 
x Investigating the any aspects of dust properties include dust type, chemical, biological, electrostatics 
characteristics, property, size, shape and weight 
x In case of PV installation, determination of PV characteristics, orientation and their tilt angle must be 
accurately assessed.  
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